The comparison for the calibration of ambient dose equivalent meter was organized by TCRI of APMP. Seven laboratories (ARPANSA, BARC, INER, KRISS, NIM, NMIJ, and VNIIM) were participated in the comparison excersize. Two moderator-type neutron ambient dose equivalent meters (one is cylindrical and the other is spherical) were circulated and calibrated in ISO standard neutron fields of 252 Cf, 241 Am-Be, and D 2 O moderated 252 Cf sources. The stability of the transfer instruments was checked by the pilot lab (KRISS) between the measurements of two successive participants. Some outliers exist in each measurement set and the weighted means of all measurement results are not adequate as a reference value because of the large chi-square values. The median was used to calculate the reference value. 
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Introduction
The monitoring of neutron ambient dose equivalent is one of the most important tasks for the radiation protection in the nuclear power plant and other places. The reliabilit y of the monitoring of the neutron ambient dose equivalent should depend on the capability and the reliability of the calibration of neutron ambient dose equivalent meter. Many of the national metrology institutes in APMP have listed the calibration of neutron ambient dose equivalent on their CMC tables, but there is no international comparison supporting the CMCs because of the difficulties and complexity to realize the comparison for the neutron ambient dose equivalent.
However, a few years ago EURAMET carried out the EUROMET.RI(III)-S1 comparison of neutron survey meter calibrations using one spherical neutron survey meter, successfully [1] . Therefore a similar approach was adopted for organizing the current APMP.RI(III)-S1 comparison. Two moderator-type neutron ambient dose meters were used as transfer instruments and the calibration constants for the two transfer instruments were derived at the ISO neutron reference fields [2] .
Seven laboratories agreed to participate and they were: 
Transfer Instruments
The two transfer instruments used were:
-one Neutron Rem Counter NSN2 (spherical device provided by Fuji Electric Systems), produced by Fuji Electric Systems Co., Ltd.(Japan)
-one Neutron monitor 2222A He-3 (cylindrical device provided by KRISS), produced by Wedholm Medical AB (Sweden).
The stability of each transfer instrument was checked by monitoring the pulse count rate of each transfer instrument for 252 Cf source at a distance 150 cm. Figure 2 .1 shows the stability of the transfer instruments. The vertical scales are the normalized value to the average of six measurements. The dates of the stability check are summarized at 
Neutron sources
A 110 GBq (nom.) 241 Am-Be(,n) source was used for the calibration. The emission rate of the source was measured by a manganese sulphate bath system at NPL. The anisotropy of the source was measured at ARPANSA with a Studsvick Neutron Monitor (Digipig) Type 2222. The parameters of the neutron source are summarized in Table  3 .1.1. Cf source Not used.
Neutron Irradiation facility
The exposure room is 10.4 m (D) x 5.7 m (W) x 6.4 m (H). The measurement plane is at 3.1 m above the floor. The calibration rig comprises an elevated rail which supports stands for the detector to be calibrated, a shadow cone and the 110 GBq source. A stand for a target board is at the far end of the rail to trace the light from the alignment laser projecting from the opposite end of the room. A camera mount is attached to the detector stand so that the display screen of a monitor can be viewed remotely.
BARC

Neutron sources
252 Cf and 241 Am-Be(,n) sources were used for the calibration. The emission rates of each source were measured by the manganese sulphate bath system at BARC. The anisotropy of the sources was measured by using the precision long counter. The parameters of the neutron sources are summarized in Table 3 .2.1. Cf source Not used.
Neutron Irradiation facility
The neutron irradiation room is 9 m x 9 m x 14 m. The neutron source and the remcounter were arranged on separate stands having a height of 120 cm each at the center of a room.
INER
Neutron sources
252 Cf and 241 Am-Be(,n) sources were used for the calibration. The emission rates of the 252 Cf and 241 Am-Be(,n) sources were traceable to the NIST (USA) and the NPL (UK), respectively. The anisotropy factors in the direction perpendicular to the source capsule axis for bare neutron sources were evaluated from the reference data of NPL (UK). The parameters of the neutron sources are summarized at Table 3 .3.1. Cf source moderated by a heavy water sphere with a diameter of 300 mm, covered with a cadmium shell of thickness approximately 0.5 mm was used for the calibration.
Neutron Irradiation facility
The floor of the neutron irradiation facility at INER is concrete. The floor area is 9.62 m × 6.35 m. The walls and ceiling are made of aluminium, and the highest and lowest points of the slope roof are 6.83 m and 5.15 m respectively. The low-scatter irradiation facility has a grid aluminium floor located about 2 m above the concrete floor. The source is approximately located at the geometric center of the room, 1.3 m above the light-gridded floor. 252 Cf and 241 Am-Be(,n) sources were used for the calibration. The emission rate of each source were measured by the manganese sulphate bath system at KRISS. The anisotropy of the sources was measured with the long counter. The parameters of the neutron sources are summarized at Table 3.4.1. 
KRISS
Neutron sources
Cf source
The D 2 O-moderator can be installed with the 252 Cf source described above. The moderator has spherical shape and is made of stainless steel. The inner diameter is 30 cm and the thickness of the stainless steel is 0.5 mm. The moderator was covered with 1 mm-thick cadmium plate and filled with 99.98 % heavy water (D 2 O).
Neutron Irradiation facility
The neutron irradiation room is 6.6 m x 7.6 m x 6.3 m. The 252 Cf source was stored at about 1.5 m underground. Paraffin and a lead plate were placed above the source as shielding. The source is controlled remotely by utilizing a pneumatic system . The source is positioned at the center of the room through a source guide made by aluminium pipe.
The
241 Am-Be source could not be installed on the remote system and it had to be used manually using long tongs, but installed at the same position than the 252 Cf source.
The D 2 O-moderator was installed at the center of the room for the 252 Cf source. Actually the moderator was put on the top of the source guide. The 252 Cf source was located at the center of the moderator.
The rail system can move the neutron monitor from 40 cm to 2.6 m from the source. The position is controlled remotely and can be reproduced within 0.10 mm. A magnetic scale is installed above the rail and gives the absolute position of the neutron monitor.
A CCTV system was also installed to read the value of the neutron monitor and also to watch all the irradiation room. The humidity and the temperature of the atmosphere in the room are controlled by an air conditioner and dehumidifiers.
NIM
Neutron sources
An 241 Am-Be(α,n) source covered with 1mm Pb is used for the comparison. The emission rates of the source were measured by the manganese sulfate bath system at NIM. The anisotropy of the source was measured with the long counter with BF 3 detector at NIM. The parameters of the neutron source are summarized at Table 3 .5.1. 
Neutron Irradiation facility
The neutron irradiation facility is located in a low scattering room (6 m × 6 m × 10 m) in the National Institute of Metrology of China (NIM). An Am-Be neutron source is used as the irradiations for this comparison and for the routine calibration of neutron survey meters also. The conversion coefficient of the 241 Am-Be source was derived from the spectrum published in ISO 8529.1:2001 and has a value of 391 pSvcm 2 . The neutron meters were mounted on a moveable platform and the range of the calibration distance is from 0.4 m to 3 m. The measurement is performed at a height of 1.8 m above the floor. The direct reading of the instrument can be observed by a camera, the output pulse of instrument is recorded by a counter/timer device (ORTEC 994).
NMIJ
Neutron sources
Measurements were carried out using 252 Cf and 241 Am-Be(α,n) neutron sources. The parameters of the neutron sources are summarized in Table 3 .6.1. The anisotropy of the sources was measured with a long counter. Each neutron source was set with a special source mounting made of aluminium. 
Cf source
The heavy-water moderated 252 Cf source consists of the same standard 252 Cf source described in Table 3 .6.1 with an aluminium sustaining rod and an enclosed stainless steel heavy-water tank covered with a cadmium cover. The tank is 30 cm in diameter and approximately 20 kg in weight when it is filled with heavy water. The isotropic enrichment of the heavy water is more than 99.9 %. The mount for the source assembly was designed to reduce the effect of neutron scattering.
Neutron Irradiation facility
The dimensions of the room are 11.5 m × 11.5 m × 11.5 m . This room has an aluminium-grating floor to suppress room-return neutrons. A rail system is installed on the aluminium grating floor. In the comparison measurements, the neutron sources were placed at 35 cm from the room center. This irradiation room is also used for monoenergetic neutron fluence standards. There are two beam lines from a Van de Graaff accelerator and two beam lines from a Cockcroft Walton accelerator. One of the beam targets from a Van de Graaff accelerator is located at the room center. There also stands on the ground floor a graphite pile for the thermal neutron fluence standard.
VNIIM
Neutron sources
According to the comparison procedure the following neutron sources were used for measurements: 252 Am-Be(,n) sources were determined using the standard Mn-bath method. The angle asymmetry of neutron radiation was determined by rotating the source around the axis perpendicular to the source symmetry axis. 
Cf source
The 30 cm diameter sphere is made up of a 0.5 mm thick aluminium skin covered by a 1 mm cadmium layer and filled with heavy water. The 252 Cf source No. 30-1/02 is hung in the center of the sphere by a thin silk thread in an aluminium container 0.2 mm thick.
The neutron source strength of the ( 252 Cf+D 2 O) /Cd source was determined using two methods. The first method consisted in calculation of the neutron source strength using the equation recommended by ISO-8529 (Annex A): Ф 1 ( 252 Cf+D 2 O) /Cd = 0.885•Ф(Cf) = 3.98 × 10 7 s -1 . The uncertainty budget of the Ф 1 quantity is 3.5 % with k = 2, mostly coming from the difference between an ideal geometry and the designed geometry.
Another method consisted of the integration of the spatial neutron fluence rate distribution. The fluence rate values were measured at six different distances (0.77, 0.87, 0.97, 1.17, 1.37 and 1.57 m) using the known energy dependence for the device sensitivity.
The emission rate value was calculated by the equation:
where: -N* i and N* сi are the detector reading at a distance l i from the source without and with shadow cone, -k(90°) is the neutron emission asymmetry coefficient, -(Е) is the 252 Cf neutron spectra, presented in ISO-8529, -R(E) is the energy dependence of the device sensitivity. 
Neutron Irradiation facility
The calibration factor NH*(10) was determined in a room with dimensions of 8 m × 6 m × 4 m in a free geometry. A light aluminium rail, fastened at a height of 1.8 m on two supports, was mounted in the center of the room. The bare 252 Cf or the 241 Am-Be sources was fixed on a moving carriage 30 cm above the rail using a steel needle of 2 mm in diameter. A shadow cone made of boron polyethylene, with a height of 500 mm and a base of either 90 or 150 mm in diameter, was mounted on the carriage and moved together with the source.
The sphere filled with heavy water was fastened 20 cm above the rail on an aluminium tube 80 mm in diameter with a wall thickness of 0.5 mm. A shadow cone made of a mixture of lampwax and cadmium powder, with a height of 300 mm and a base of either 200 or 300 mm in diameter, was mounted near the detector and did not move in the process of measurement. The devices were mounted in the measuring positions in the same way as the sphere with heavy water (on the aluminium tube).
Measurement Summary
For this comparison exercise, we required 3 different types of neutron sources ( 252 Cf, 241 Am-Be, D 2 O moderated 252 Cf source) and 4 different calibration methods -shadow cone (SC), generalized fit (GF), semi-empirical (SE), and reduced fit (RF) methods.
The transfer instruments are the two mentioned in section 2, and we asked two different ways to read the dose equivalent. One is the direct reading (DR) from the digital window and the other is the pulse counting (PC) method using counter module.
For convenience, the abbreviations which will be used in this report are summarized in the The Table 4 .2 shows which institute submitted results for each measurement combination. As for the generalized fit method (GF), only KRISS performed the calibration using this method and it cannot be compared.
As for the semi-empirical (SE) method and the reduced fit (RF) method, KRISS reported results for all their sources and NIM reported only for their 241 Am-Be source. Only for the 241 Am-Be sources will the results for NIM and KRISS be compared in the following section.
For the shadow cone (SC) method, most of the participants reported the calibration results. Some participants submitted only direct reading (DR) data and some did only pulse counting (PC) data. In order to make comparison better, the conversion factor from the pulse counts to the ambient dose equivalent rate was used.
The dates of the measurements of all participants and of the stability checks are shown in the following Table 4 .3. 
Results
The calibration factors and the uncertainties measured by laboratories are summarized in this section. 6. Analysis
ARPANSA
Conversion factors
For each transfer instrument, two reading methods are supplied. One is the direct reading of the digital window of the transfer instruments and the other is the counting of the pulse output from the transfer instruments.
INER, KRISS, NIM, and NMIJ supplied the results from both the direct reading method (DR) and the pulse counting method (PC). But VNIIM supplied the results only from pulse counting method (PC) and ARPANSA and BARC supplied the results only from direct reading method (DR).
Each transfer instrument has its own internal conversion factor which converts the count rate to the ambient dose rate. Kindly, the provider of the transfer instruments supplied the neutron sensitivity with the unit of (counts/s)/(µSv/h) and/or conversion factors (10 10 counts/Sv). With these values (Table 6. 1.1), the direct reading results can be converted into the pulse counting results, or vice versa. To check the reliability of the conversion factors, the direct reading results and the converted value from the pulse counting results are compared. The results are shown in Table 6 .1.2. The uncertainties of the measurements for DR and PC contain only the independent terms like statistical uncertainty. The  2 of 9 points for the discrepancies is 6.212 and the number of degree of freedom () is 8, where  2 (0.05) = 15.507 for =8. The above analysis is statistically meaningful and the conversion factor could be adopted for the analysis.
The same analysis was done for 2222A (Table 6. 1.3 ). In the case of 2222A, the  2 of 9 points for the discrepancies is 181.760 and  is 8, where  2 (0.05) = 15.507 for =8. From the above analysis, the conversion factor given by the manufacturer is not a good representative statistically for our comparison measurement. For the Studsvik 2222A, the manufacturer's conversion coefficient cannot be used for our comparison, but the conversion coefficient can be obtained from our measurements. This should be acceptable as a conversion factor for the 2222A. The weighted average of the conversion coefficient is (0.1422 ± 0.0007) 10 10 counts/Sv. The conversion factors for the transfer instruments are written in Table 6 .1.5. 
252 Cf source with the shadow cone method
The calibration factors for 252 Cf with the shadow cone method were measured by 5 laboratories. INER, KRISS and NMIJ performed both with direct reading(DR) and pulse counting(PC) methods. BARC did only with DR and VNIIM did only with PC. The results from BARC and VNIIM were converted using the conversion factors evaluated in the previous section. Table 6 .2.1 summarizes the calibration factors for each set of measurements of the laboratories. The weighted mean and the median are also shown.
The weight used for the weighted mean is the inverse of the squared uncertainties. In the case of the weighted mean, the  2 values of the data sets are 49.58, 55.97, 97.58, 97.86 and these values are much bigger than  2 (0.05) =4 = 9.488. These large  2 values show that the weighted mean is not the proper reference value of the data set.
In the case that the weighted mean is not a proper reference, statistically due to the large  2 value of the data set, two methods can be applied to avoid the effects of outliers. One is the use of median described in ref [3] and the other is the use of the weighted mean for the largest consistent subset described in ref [4] .
The weighted mean of the largest consistent subset could be better choice in the case of the evaluation of the degree of equivalence, because it is easier and clearer to evaluate the degree of equivalence. However, in this exercise, the degree of equivalence is not evaluated and the median could be better choice because the data from all participants can be included in the evaluation of reference value thanks to the robustness of median. But, still the outlier can be identified using the standard deviation of the median value.
With the above reason, the median is chosen as a reference value. The following analyses for the different data set are also same.
The medians and their standard deviations were obtained following the procedure described in ref [3] . 
241 Am-Be source with shadow cone method
The calibration factors for 241 Am-Be with the shadow cone method were measured by 7 laboratories. INER, KRISS, NIM and NMIJ performed both with direct reading(DR) and pulse counting(PC) methods. ARPANSA and BARC did only with DR and VNIIM did only with PC. The results from ARPANSA, BARC and VNIIM were converted using the conversion factors evaluated in the previous section. The medians were obtained following the procedure described in ref [3] . Figure 6. 3.1 and 6.3.2 show the graphical view of the measurement results together with the weighted mean and the median. The numbers from 1 to 7 correspond to the laboratories shown in Table 6 .3.1.
As for the calibration for Studsvik 2222A, five laboratories-ARPANSA, INER, KRISS, NMIJ and VNIIM among seven laboratories show the consistent results with the value of median both for direct reading and for pulse counting method. NIM shows the consistent result with the value of median for the direct reading method but for the pulse counting method, the deviation between NIM's result and the value of median is not included in the 95 % level of confidence of its uncertainty of the deviation. The deviation between BARC's results and the value of median are not included in the 95 % level of confidence of its uncertainty of the deviation. As for the calibration for Studsvik 2222A, all three laboratories-INER, NMIJ and V NIIM show the consistent results with the value of median.
As for the calibration for NSN2, all three laboratories-INER, NMIJ and VNIIM show the consistent results with the value of median.
Distance variation methods
Distance variation methods, semi-empirical (SE) and reduced fit (RF) methods are compared with KRISS and NIM. From the comparison, the equivalence for semi-empirical and reduced fit method between KRISS and NIM is acceptable. Even if the subset of the measurements shows some disagreements, the calibration with the exactly same setup and the same method except for only the reading methods show the good agreements and we can conclude both laboratories show the good equivalence. Cf source, three laboratories -INER, NMIJ, and VNIMM submitted the results for the calibration with the shadow cone method. Only KRISS submitted the results with three kinds of distance variation methods (generalized fit, semi-empirical, and reduced fit methods). Thus, only the shadow cone method can be compared for D 2 
